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Introduction
In many thermodynamic analyses of chemical reactions/ processes, it has been experimentally demonstrated that there are linear dependencies for the standard thermodynamic function, named the EEC compensation effect (enthalpy-entropy compensation) [ (Sharp 2001; Marco and Linert 2002; Ryde 2014; Olsson et al. 2008; Dutronc et al. 2014; Klebe 2015 ) KCE (Norwisz and Musielak 2007; Lvov 2007) ]. According to Starikov, the relevant entry is expressed as follows (Starikov 2014): where the slope coefficient is constant and is named the isokinetic temperature, and the intercept ∆H iso which is part of enthalpy, is replaceable in isoentropic conditions (∆S = 0). Studies have shown that EEC also occurs during the adsorption of low molecular weight gases on active surfaces (Burevski et al. 1991; Fletcher and Thomas 2000; Garrone et al. 2008; Korolev et al. 2011; Hercigonja and Rakić 2013; Pera-Titus 2016; Zukal et al. 2009; Kelut et al. 2014) , wherein the dependence isn't necessarily linear, as Eq. (1) in unequivocal manner (Fletcher and Thomas 2000; Garrone et al. 2008 ). The analysis in Eq. (1) requires the selection of the sorbent, adsorbate and experimental conditions, which allows the interpretation of observations of one of two possibilities: a. one system for several temperatures, b. several systems with varying selected factors side of the sorbent or adsorbate.
In addition, the instrumental technique also has a huge impact; in general, most research uses adsorption/desorption isotherms and converts them into isolines at constant amounts of adsorbed substances at varying temperatures.
(1) ΔH = T iso ΔS + ΔH iso Tested systems with repetitive features are well described, such as zeolite-CO 2 (Burevski et al. 1991; Pera-Titus 2016; Zukal et al. 2009; Kelut et al. 2014) . In (Pera-Titus 2016) , the literature data show another form of EEC resulting from (1), namely:
where it is postulated according to (Starikov 2014 ) that the isokinetic enthalpy (the absolute) is 15 kJ mol −1 (Pera-Titus 2016).
Comparison of Eqs. (1) and (2) indicates that a primary issue in the analysis of the EEC is how to determine the entropy because of its definition in the adsorption process. The exothermic adsorption process is characterized in terms of thermodynamic categories as the difference in the function H − S with respect to the adsorbate in two phases: solid minus gas. Moreover, these issues are of great importance in practice in multifunctional systems [cooling, heating (Borsukiewicz-Gozdur and Nowak 2007; Aphornratana and Eames 1995; Sumathy et al. 2003; Hassan et al. 2011; Gwadera and Kupie 2011)] implemented by adsorption/desorption using effectively low-energy gases (Borsukiewicz-Gozdur and Nowak 2007; Gwadera and Kupie 2011).
Purpose and scope of studies
The work aims to analyze Eq. (1) for this type of research. The basic problem is the designation of the entropy of adsorption, which is usually overlooked in this type of work. These capabilities only exist when the use of the thermodynamic equilibrium constant is skipped, e.g., (Madamba et al. 1996; Beristain et al. 1996; Al-Muhtaseb et al. 2004 , 2007 Pedro and Babas 2005; Ramesh et al. 2005; Tang et al. 2006; Palomino et al. 2008; Musa et al. 2010; Loto et al. 2012 ) as these cases do not require comments, and for non-pressure processes, when P/P o < 1.
The scope of this work includes:
1. analysis of the EEC using classic research methods in isosteric conditions, 2. use of a three-parameter equation for the discussed issue, 3. comparison of these issues.
The factors outlined above were analyzed using literature data (Zukal et al. 2009 ) and alternatively (Burevski et al. 1991) .
The accepted theoretical dependencies
To analyze the EEC problem in the case of gas adsorption on an active surfaces, the huge role of the H − S relationship
satisfies the priority assumption of the initial state. Specifically, it should be established which of the two values, higher enthalpy (ΔH, J mol −1 ) or approximately 10 3 times lower entropy (ΔS, J mol
, is advantageous as a starting point.
In the literature, there is consensus that the isosteric enthalpy of adsorption designates the slope coefficient in a system: lnP versus 1/T, which is represented for an ideal gas and next as RT∕P = V G >>> V S :
where the index S refers to gas adsorbed in the solid phase (the surface) and G represents gas.
In Eqs. (3) and (4), ∆H is the isosteric enthalpy of adsorption (∆H < 0 and q st = −ΔH), which is practically the same as the differential molar enthalpy [q diff = q st − RT Gauden et al. 2016; Kowalczyk et al. 2017) , and this is
In the case of the tested system of solid phase and gas, the isosteric heat of adsorption in view of a is either: a. constant (Czepirski and Jagiełło 1989; Sircar et al. 1999; Stadie et al. 2012 ), b. monotonically decreasing (Burevski et al. 1991; PeraTitus 2016; Zukal et al. 2009; Terzyk et al. 2016; Gauden et al. 2016; Kowalczyk et al. 2017; Czepirski and Jagiełło 1989; Sircar et al. 1999; Stadie et al. 2012; Barrer and Gibbons 1963a; Guo et al. 2006 ), c. anomalous (increase and decrease) Gauden et al. 2016; Kowalczyk et al. 2017; Stadie et al. 2012) ,
where a is understood as the number of moles or volume of substance adsorbed by a unit mass of adsorbate. The considerations for the designation of the entropy of adsorption (also ∆S < 0) are more complicated.
Based on the Gibbs free energy equation, taking into account the second law of thermodynamics:
We assume that the isosteric adsorption process occurs under equilibrium:
that is:
where consistently: By inserting Eq. (7) into (3), we obtain:
The left sides of Eqs. (3) and (9) and Eq. (5) confirm the validity of (6).
The isosteric heat of adsorption implies isosteric entropy in terms of determination. Equation (9) can be obtained in another way, namely, for a perfect gas and following the assumptions for Eq. (3) for a constant amount of adsorbed adsorbate and adsorbent surface [Eq. (3.114) in (Ościk 1983) ].
A purely mathematical transformation (T −1 T = lnT) of Eq. (10) produces Eq. (9). However, insertion of the transformed Eq. (3) into Eq. (10) produces Eq. (7):
According to (10), entropy is the differential molar entropy of adsorption, and ∆S(P) is also in equilibrium [Eqs. (3.124) and (3.128) in (Ościk 1983) ].
Entropy expressed as Eq. (9) is the average value within the range of tested temperatures, similar to the case of enthalpy in (3). The main difference is that the entropy presented in Eq. (11) is temperature-dependent, but the average value is compatible with Eq. (7).
For the entropy of the gas phase, s G , the relationship with temperature and pressure should be considered.
The change in entropy of a gas follows from:
which for an ideal gas can be written as:
Because ds G is an exact differential, for the two thermodynamic states marked as 1 and 2, we get:
In isothermal conditions, in cases (13) and (14), based on the first expression of the right sides of these equations, we get:
which for further considerations is preferably written as:
Indeed, in the field of isosteric research, for the most common temperature interval (t = 20-40 °C) and the most commonly used gases, the effect of temperature on the entropy is on the order of: δs = 0.066c p = 2-3 J mol −1 K −1 [e.g., CO 2 c p = 37.132 J mol −1 K −1 (Barin 1997)] , which corresponds to the difference between the average entropy expressed as Eq. (9) and according to (11) .
Enter to the Eq. (11) the symbol ∆S(P) relative to ∆S is expedient, as it is necessary to emphasize the point of reference of the entropy of a gas depending on the equilibrium pressure.
In the case of Eq. (11), the point of reference relates the equilibrium pressure to a vacuum, and there are two further possibilities to determine Eqs. (17) and (18) for:
• standard pressure P ∅ = 101.325 kPa (1 bar) (Burevski et al. 1991; Guo et al. 2006; Eq. (12) in Barrer and Gibbons 1963b; Clark 1970, p. 39; Eq. (2.70) in Rouquerol et al. 1999) where s G P � = s G � is for the standard state at temperature T; consequently, according to Gauden et al. 2016; Kowalczyk et al. 2017 ), we get:
• the saturated vapor pressure, P 0 , in commonly used terms, arises from the Gibbs free energy (5) and at the same time is equal to ΔG = RTln
Eqs. (11), (17) and (18) can be subjected to linear combinations, in accordance with Eq. (16). For example, presenting Eq. (8) as: and substituting Eq. (16) in place of s G (P), wherein substituting P for state 1, and P o for state 2, we get:
which is equivalent to:
After using Eq. (11), we again obtain Eq. (18). Additionally, the ability to convert from a vacuum state to standard pressure can be obtained by adding the respective fixed sign Garrone et al. 2008 ). These considerations indicate the interpretation of the entropy of adsorption as a multi-variant measure to assess the equilibrium state in the sense of Eqs. (5) and (11), which can be related to other observation states, even by addition, with the correct sign, by the factor Rln
in Eqs. (17) and (18).
In isosteric research, entropy can be represented by four relations: (10) the average value invariant of temperature over a range and three, according to Eqs. (11), (17) and (18), which is temperature-dependent. Equations (17) and (18), relative to Eq. (11), differ by the addition of Rln
, where P 2 > P 1 , which is an important factor because of the introduced adsorbate.
Finally, we have a case of one invariant size of isosteric heat of adsorption according to (3), which is correlated with the invariant entropy in Eqs. (9), (17) and (18).
Ultimately, only Eqs. (9) and (18) remain because the trends of Eq. (17) can be considered as an intermediate state.
Analysis of EEC in relation to Eqs. (3) and (9)
For EEC purposes, sizes should be used the values corresponding to the same categories of their determination in this case, the average values, independent of temperature in the range, i.e., (3) and (9).
Each of the analyzed cases produces are linear relationship depending on Eq. (1). In all cases, the intercept is less than 1 kJ mol −1 , so it can be omitted, and the passes through the origin of the Cartesian system. Figure 1 shows an example.
Both thermodynamic functions are invariant with respect to temperature, but it is worth analyzing their behavior in this temperature range. This relationship can be derived from Kirchhoff's equations by comparing the hypothetical heat capacity of the adsorption process Δc p = const:
where index i represents a measurement at temperature T i , and ∆H and ∆S are the average values, respectively, from Eqs. (3) and (9).
For small ranges of variation (T − T i ) and for 0 < T/T i ≤ 2, the expression under the logarithm can be replaced by the first member from the series:
Thus, the logarithmic average can be replaced by one temperature, T i = T iso , and Eq. (22) The expression in brackets has an intercept that may be close to 0.
For the forms designated experimentally in the Eq. (24), if the intercept is omitted, then Eq. (11) can be interpreted differently, namely, if both thermodynamic functions are
temperature-invariant, their volatility is directly proportional to a proportionality factor corresponding to a constant isokinetic temperature. Equation (24) can be called isosteric straight, H − S.
In Eq. (24), the version without the intercept (ΔH = T iso ΔS) presents interesting information. In the specified temperature range, the trend lines of EEC can be sketched a priori. T iso is the logarithmic average, and in a narrow temperature range, it is the arithmetic average of the upper and lower temperature. Therefore, for the same data, in a narrow range of temperature, the slope coefficient is decreased by reducing T iso . This means that there are additional grouping results. In the ideal case, the interpretation of the same experimental data in the EEC system is presented in Fig. 2 . -30 000,00
-25 000,00
-20 000,00
-15 000,00
-10 000,00
-5 000,00 0,00 -120,00 -100,00 -80,00 -60,00 -40,00 -20,00 0,00 
Analysis of the EEC for other forms of entropy
In view of the considerations above, the EEC forms in the combined versions of Eqs. (3) and (9) and Eqs. (11) and (24), it remains to examine the EEC relationship in version Eq. (3), in association with Eq. (17) and Eq. (18). For clarity, Fig. 3 shows the results of analysis in an EEC system omitting Eq. (17).
For small values of P → 0 in Eq. (18), the expression Rln P 0 P is large; therefore, we observe significant deviation from the isosteric straight H − S (24). As P → 0, the effect disappears.
To broaden the consideration of the participation of entropic factors included in Eq. (18), an indicator assuming the hypothetic isoentropic condition, ΔS(P 0 ) ≡ 0, is proposed in the form of: The scale of accepted values for presented data is within the range 0 ≤ μ ≤ 1, that is, for µ → 0, the experimental data becomes isosteric straight (see "x" on Figs. 3a, 4a), and for µ → 1, the experimental data shift away from the line (Figs. 3b, 4b) . The other cases presented in Fig. 4 are complementary intermediate states.
For a deeper explanation, it was assumed μ = 1 and ΔS = 0, s o RTln , what in the case of low value of P can be written as lnP < ΔH RT + lnP 0 (T). The interpretation can be changed by narrowing the temperature interval. Figure 5 shows an example. According to expectations for this variant, µ is in the range ≈ 0 i.e., <0.06 ÷ 0.15>, <0.06 ÷ 0.14>, and < 0.08 ÷ 0.15>, respectively, for NaA, NaX, and NaY. 
Three-parametric equation
The factor that inspires this type of research is the determination of the isosteric enthalpy of adsorption (with the opposite sign -heat of adsorption) based on the Clausius-Clapeyron equation [Eq. (3) ]. Assuming a constant adsorption amount (a), after integration, the equation can be written in the form:
However, in many cases, the intercept depends on the amount of adsorption (a), that is, C = var, because it depends on the entropy.
The right side of Eq. (26) can also be transcribed with respect to T, but, as in every polynomial method, this technique requires the estimation of many factors. Therefore, it is important to note that the enthalpy of adsorption (ΔH) blends into a different coefficient of member function 1/T. Table 1 shows the three-parameter equation fitting on the experimental data.
The coefficients of the functional members in Eq. (27) satisfy the EEC in the form of a linear relationship:
which in practice enables tracking of the enthalpy variation in isosteric adsorption, wherein the intercept should be a negative number. Figure 6 shows this relationship (28). The intercept can be used to determine the so-called point of zero enthalpy of adsorption (proposition an analytical version of the evaluation this thermodynamic value), i.e., for a hypothetical a = 0 and entropy: Table 2 shows a comparison of the isosteric heat of adsorption calculated using the three-parameter equation for literature data (Zukal et al. 2009 ), and Table 3 shows the results of the calculation of the isosteric entropy of adsorption.
(29) ΔS(P) = ΔH∕T iso Returning to the signs in Eq. (27) we can observe inversion according to (Mianowski 2000; Mianowski and Urbańczyk 2016) for endothermic chemical reactions. In the case of adsorption this situation might be for small amount adsorbed substance (a) on carbonaceous adsorbents (activated carbon, coal) what related with swelling and dilation during carbon dioxide sequestration (Kelemen and Kwiatek 2009; Day et al. 2008; Czerw et al. 2016; Zarębska and Ceglarska-Stefańska 2008) .
The values of the isosteric enthalpy of adsorption calculated for this case are consistent with the source data (Zukal et al. 2009 ).
Discussion
The relation between EEC (enthalpy-entropy compensation) and KCE (kinetics compensation effect) can be analyzed The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 35, 30, 40, 25, 15, 20, 45, 50, 55, 60, 65, 70 (a) The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 40, 35, 45, 30, 50, 55, 25, 60, 65, 70, 20, 15, 10 The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 10, 15, 20, 60, 55, 50, 65, 25, 45, 40, 30, 70, 35 (c)
in different ways for chemical reactions/processes. In the case of adsorption processes, starting from the Langmuir isotherm to demonstrate the EEC (Clark 1970, p. 263) and analyzing the kinetics of adsorption, the equation of KCE can be obtained (Mianowski and Marecka 2009a, b) . The KCE relationship can be interpreted in terms of thermodynamics, in the simplest terms, for example, the thermodynamic functions of Eyring activation.
Assuming the isosteric entropy of adsorption for temperature-invariant conditions, analogous to the enthalpy in equilibrium conditions (7) and the record (9), it has been demonstrated that the EEC is related to three thermodynamic values: ∆H, ∆S and T, which in a narrow temperature range determines the identity (24) without the intercept ∆H = T iso ∆S or (29). By knowing the temperature range, the isosteric straight H − S can be determined a priori, without research, because we know the value of the slope coefficient T iso , which is the logarithmic or arithmetic average of the extreme temperature values. In this way, the EEC becomes a tautology and represents the modification of this effect, taking into account the possibility of a correlation between ΔH and TΔS, based on the a 4 = 314,23a 5 -5173,7 r² = 0,9942 The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 10, 15, 50, 45, 55, 40, 60, 35, 20, 30, 25, 65, 70 (d) The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70 (e) The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70 (f) Fig. 6 (continued) integral form of the thermodynamic functions relative to the surface, as presented in (Pera-Titus 2016). Because the entropy expression depends on the temperature, Eqs. (11), (17) and (18) deserve special attention in the commonly used approach (18). Using the balancing entropic factors (25), it is demonstrated that the scale of accepted values is within the range 0 ≤ μ ≤ 1, that is, for µ → 0, the experimental data approach the isosteric straight line (see "x" on Figs. 3a, 4a) and for µ → 1, due to the inclusion of entropy, the experimental data shift away from that line (Figs. 3b, 4b ). Other cases presented in Fig. 4 are complementary intermediate states. The EEC follows a linear relationship in relation to the saturated vapor pressure P 0 in fairly narrow ranges of variation. For the initial conditions, with equilibrium vapor pressure close to 0, there are significant distances from the isosteric straight H − S or even opposite linear direction changes. These conclusions are related to the variability in a single system: adsorbent -adsorbate in a narrow temperature range. If we observe linear relationships in accordance with the direction of the isosteric straight line, the intercept is important, so the right correct relationship is (1).
The adsorption process considerations show that the determination of isosteric enthalpy of adsorption is most important, whereas for analysis of the EEC for a system with a variable amount of adsorbed substance (a), there are several possibilities to calculate the entropy.
Note, however, that:
1. the same phenomena are observed, 2. in accordance with the definition of entropy in Eq. (8) and Eqs. (15) and (16), a change in the entropy of gas [s G acc. Eq. (8)] is observed because of the immediate surroundings to H − S. Therefore, we observe a sequence of observations due to the changing point of reference:
In the following, it is suggested that the analysis can be performed using a three-parameter equation Eq. (27) according to (Mianowski 2000) with the signs changed, which is characteristic of an exothermic process. The mathematical structure of the three-parameter Eq. (27) corresponds to the Kirchhoff-Rankine-Dupre correlation (Bogillo and Staszczuk 1999) . In turn, Eq. (28) can be seen as another form of the EEC, wherein the thermodynamic values are for a hypothetical point of zero adsorption (a). Therefore, this is a new analytical version of the evaluation of the heat of adsorption and is appropriate for the entropy under isosteric conditions, as in Eq. (29), and also as a temperature-dependent value (11).
Calculation techniques and methodology
Similar to approach (3) and its simplest version (26), the last equation can be expanded to the form of the polynomial. The left side of the algorithm represents (26) lnP = polynomial virial-type comprising members depending on the amount of gas adsorbed and the temperature (Czepirski and Jagiełło 1989) . Therefore, this is a more universal approach. However, Eq. (27) makes physical sense, and the number of parameters to determine is limited to three. This paper uses the six isotherms (a vs. P) shown in (Zukal et al. 2009 ) that have been scanned and converted to an inverse function P or lnP = third-degree polynomial in relation to a. The selection was determined based on the result of an F-test, which indicated that it was advantageous to accept of one form, in view of the selected number of degrees of freedom. The equation was accepted when the F-test showed a much higher value.
The data in (Burevski et al. 1991) were scanned data from the Dubinin-Astakhov chart [ Fig. 1 in (Burevski et al. 1991) ] with simultaneous unravel proposed by the authors as functions of the calculated values: Rln(P o /P) using data presented in this work [Eq. (6) and Table 1 in (Burevski et al. 1991) ]. The values of P o for CO 2 for temperatures t = 0-30 °C were taken from tables in (TEGA 2016) , and the values for higher temperatures were taken from the Dubinin formula in (Seewald and Klein 1986; Amankwah and Schwarz 1995; Cavenati et al. 2004 ) and the critical parameters [acc. The order of the coefficients three-parametric equation expressed as value of adsorption (a, cm 3 g -1 ) from left bottom to top right: 1,0; 2,0; 2,5; 3,0; 3,5; 4,0; 4,5; 5,0; 5,5; 6,0; 6,5; 7,0; 7,5; 8,0; 8,5; 9,0 (a) (b) (Burevski et al. 1991; Zukal et al. 2009 ).
The presented physicochemical background is not applicable only for CO 2 adsorption on zeolites. Analogous results were obtained for different combinations e.g. benzene adsorption on MFI-6 zeolite at near ambient temperatures (273-293 K) (authors of reference (Pera and Llorens 2010) was obtained the adsorption isotherms from GC-MC simulation) or n-hexane adsorption on 5 A zeolite (Garcia-Perez et al. 2006) . Figure 7 shows an example.
Conclusions
1. The isosteric straight, represented by H − S, characterizes the EEC in a simple form: ΔH = T iso ΔS. For isosteric conditions, various thermodynamic functions are calculated in Eqs. (3) and (9). By knowing the range of temperature variation, the isosteric straight H − S can be determined a priori, without research, because we know the value of the slope coefficient T iso . It is the logarithmic or arithmetic average of the extreme temperature values. 2. Because the expression of entropy depends on the temperature, Eqs. (11), (17) and (18) deserve special attention in the commonly used approach (18). Using the measure of the balancing entropic factors (25), it is demonstrated that the scale of accepted values is within the range 0 ≤ μ ≤ 1, that is, for µ → 0, the experimental data become isosteric straight (see "x" on Figs. 3a, 4a) and for µ → 1, due to the participation of entropy, the experimental data move away from the isosteric straight H − S. 3. Due to the important role of entropy in explaining the EEC, in line with Starikov (2014) , it is necessary to specify what values are the determinant conditions. Its values are 10 3 times smaller than those of enthalpy or different-isosteric heat of adsorption. Depending on the determination of the entropy, ∆H iso may be 0 or take a small value, wherein these data refer to the system: zeolite-CO 2 . 4. Compared to conventional considerations, the threeparameter Eq. (27) and the EEC in (28), significantly enhance the possibility of analyzing the experimental data for the adsorption process. Therefore, this is new analytical version of the evaluation of the heat of adsorption is appropriate for entropy under isosteric conditions using Eq. (29) and also for temperaturedependent values (11).
